ABSTRACT
Introduction
The imprinting of immunologic tolerance begins in the thymus, partly through negative selection of potentially autoreactive T cells and partly by the generation of suppressive populations, which subsequently control immune responses in the peripheral tissues. A major population of these suppressive cells is defined by the expression of forkhead/winged-helix transcription factor FOXP3 and because its origin as a separate thymic lineage is often called natural T regs [1, 2] . In humans, mutations in FOXP3 lead to immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome, a lethal multiorgan autoimmune disease caused by disrupted T reg development [3] . Likewise, depletion of T regs in mice results in severe autoimmunity [4] .
The developmental pathway of FOXP3 + natural T regs in the thymus is still only partially known, especially in humans. The first FOXP3 + cells can be found in the CD4 2 CD8 2 DN thymocyte subset, before the expression of a cell-surface TCR [5] . However, a substantial amount of data indicates that TCR-mediated signaling is essential for commitment to the T reg lineage [6, 7] . Several studies in murine models suggest that thymocytes expressing a TCR with intermediate-to-high affinity to selfantigens are positively selected to develop into T regs [8, 9] . Other studies have modified this view by showing that the same transgenic TCR can give rise to T regs and conventional T cells and that in nontransgenic settings, there seems to be considerable TCR repertoire overlap between T regs and other T cells [10] . Therefore, TCR signaling alone is not enough to steer cells to a stable T reg phenotype. A number of studies indicate cytokines as an important cofactor. Most natural T regs express high levels of CD25 (IL-2Ra) already in the thymus, and IL-2 has been shown to be crucial for T reg maturation. A recent study showed that another common g-chain cytokine, IL-15, also plays an important role [11] . In contrast, T regs express CD127, the high-affinity a chain of IL-7R at very low levels [12, 13] . Therefore, the role of IL-7 is less clear, especially as IL-7 responsiveness is predominantly regulated by modulating the receptor level [14] . Early stages of thymocyte development are critically dependent on IL-7, and thus, disruption of IL-7 signaling leads to a profound, early defect in T cell development, affecting T regs also [15] [16] [17] . However, later development of murine T regs is less dependent on IL-7, as the absence of IL-7 alone does not lead to a gross T reg defect [18] . At the CD4 + CD8 + DP stage, murine thymocytes downregulate CD127 and have been suggested to be unresponsive to IL-7 [19] . The more mature CD4 + SP thymocytes again respond to IL-7, as shown in a recent study showing that lack of IL-7 impairs T reg proliferation and leads to reduced numbers of Foxp3 + cells [20] . Other studies have reported that IL-7 can also induce Foxp3 expression in CD4 + SP thymocytes [21, 22] . Although human T regs are defined as CD127 2 , Nunes-Cabaço et al. [23] recently reported a significant up-regulation of CD127 in FOXP3 + thymocytes at the DP stage. The study also demonstrated that exposure to IL-7 resulted in intracellular signaling, indicating that the cells were responsive to IL-7. In contrast, another recent study concluded that IL-7 is of minor importance to human T reg development [11] . Here, we have studied the effects of IL-7 on human thymocytes, especially at the important DP stage, when human thymocytes are likely to commit to the T reg lineage.
MATERIALS AND METHODS

Patient samples
Thymic tissue was obtained from 42 children (22 boys) altogether undergoing corrective cardiac surgery. The ages were from 0.0 to 10.8 yr (mean 1.0 yr; median 0.5 yr). The Pediatric Ethics Committee of Helsinki University Hospital approved the study, and informed consent was obtained from the parents of the children.
Cell isolation, flow cytometry
Thymocytes were released within 6 h of the thymectomy from the thymus tissue samples by mechanical homogenization. The antibodies used in the experiments were direct fluorochrome conjugates: CD4-PerCP, CD8-PE-Cy7, CD127-APC-Cy7, CD4-biotin, streptavidin-Texas Red, FOXP3-APC, CD5-PerCP-Cy5.5, ZAP70-PE, CD4-Alexa Fluor700, CD8-FITC, FOXP3-PE, and CTLA-4-PE-Cy5 (BD Biosciences, San Jose, CA, USA); CD69-FITC and CD3-PE (ImmunoTools, Friesoythe, Germany); and Ki-67-PE (Santa Cruz Biotechnology, Dallas, TX, USA). Following the surface staining, the cells were fixed, permeabilized, and stained for FOXP3 and the other intracellular molecules, using a FOXP3 staining kit from eBioscience (San Diego, CA, USA), according to the manufacturer's protocol. The specificity of FOXP3, CD25, and CTLA-4 detection was verified by using a fluorochrome and isotype-matched control antibodies FITC-conjugated mouse IgG1 and PE-Cy5 mouse IgG2 (BD Biosciences) and PE-Cy7 mouse IgG1 (eBioscience). Flow cytometry was performed using the CyAn ADP Analyzer (Beckman Coulter, Brea, CA, USA). Analysis was done with Summit 4.3 and FlowJo programs. Fluorescence compensation settings were optimized by using CompBeads (BD Biosciences). As doublets in the flow cytometric analysis of the DP population may lead to erroneous assignation of FOXP3 + cells [24] , we used minimal gating in the FSC area versus FSC Lin plot. In addition, we reanalyzed the data using doublet exclusion by flow cytometric height and width parameters in the pulse width/FSC Lin plot [24] , with no significant change compared with the minimal gating strategy.
Cell culture and methylation analysis
Thymocytes were cultured in a 12-well plate with human cell culture media (RPMI, 10% human AB serum, 1% 1003 penicillin-streptomycin, 1% HEPES, 0.1% L-glutamine, 0.1% MeEtOH) overnight. IL-7 was purchased from ImmunoTools and used at a final concentration of 10 ng/ml [23, 25, 26] . Stimulation with anti-CD3 mAb was done in solution. The cells were incubated for 10 min on ice with 1 mg anti-CD3/5 3 10 6 cells, followed by cross-linking with 4 mg goat anti-mouse IgG (both purchased from ImmunoTools). Apoptosis detection was done using the apoptosis staining kit with annexin and PI (BD Biosciences), according to the manufacturer's instructions. Genomic DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). Bisulfite conversion was performed with Qiagen EpiTect, according to the manufacturer's instructions. The demethylation status of the TSDR region was quantified by real-time PCR, as described previously with minor modifications [27] . PCR was performed with the iCycler (Bio-Rad Laboratories, Hercules, CA, USA).
Statistical analysis
Statistical analysis was done with SPSS and GraphPad Prism software. The results are presented as arithmetic means and SD. The normality of the data sets was tested with the Shapiro-Wilk or Kolmogorov-Smirnov normality test. P values for differences were calculated using Student's 2-tailed paired t test; P , 0.05 was considered significant.
RESULTS
IL-7R-a is differentially expressed in FOXP3
+ and FOXP3 2 cells during thymic development
As human T regs express very low levels of IL-7R, it has been assumed that IL-7 would have relatively little effect on them. However, it was recently shown that CD127 is up-regulated and functional in human FOXP3 + thymocytes at the DP stage [23] . We first performed a detailed analysis of CD127 expression in FOXP3 + and FOXP3 2 thymocyte populations, using the CD3 expression level as a marker to subdivide the DP cells to more precise developmental stages. As expected, the DP FOXP3 2 thymocytes were heterogeneous, with 30.5 6 5.6% expressing no detectable surface CD3, 53.0 6 9.6% expressing it at a low level, and 16.5 6 5.5% belonging to the most mature CD3 high stage. The DP FOXP3 + thymocytes, in contrast, were mostly CD3 high (79.7 6 6.4%, n = 6), as reported previously.
In the FOXP3 + thymocytes, the highest expression of CD127, measured as MFI, was found in the DN population ( Fig. 1) . Thereafter, the MFI of CD127 decreased steadily through the DP stages (from CD3 negative to CD3 high ), with the sharpest drop occurring in the transition from DP CD3 high to SP stage. In the FOXP3
2 cells, in contrast, CD127 MFI peaked in the DP CD3 high population. Thus, the expression pattern in FOXP3 + and FOXP3 2 cells was different, with a declining trend in the former as the cells matured and in the latter, a peak at the most mature stages (Fig. 1 ). It is noteworthy that a significant difference in CD127 levels between FOXP3 + and FOXP3 2 cells only appeared at the DP CD3 high stage and became even more pronounced at the SP stage. It was shown by Nunes-Cabaço et al. [23] that the expression of CD127 in DP FOXP3 + cells is sufficient for IL-7-induced signaling, as measured by STAT5 phosphorylation. Another consequence of IL-7 exposure is CD127 down-regulation, as IL-7 effects are mostly regulated through modulating receptor levels. We cultured the thymocytes with and without added IL-7 and measured the CD127 MFI after overnight culture. As expected, in FOXP3 2 CD4 SP thymocytes, which express high levels of CD127, incubation with IL-7 resulted in the receptor down-regulation by 68.8 6 8.5% (P , 0.0003, n = 8). A similar decrease by 40.0 6 25.0% (P , 0.05) was observed in the DP FOXP3 + population. Thus, the FOXP3 + DP cells are also capable of responding to IL-7 by prolonged suppression of receptor expression, a response largely dependent on transcriptional control.
IL-7 promotes a T reg phenotype at the DP phase
The data in the previous paragraphs indicated that FOXP3 + thymocytes up-regulate CD127 and express functional IL-7R at the DP stage. To test how IL-7 affects T reg maturation, we measured the frequency of FOXP3 + cells and FOXP3 MFI after overnight exposure to IL-7. In accordance with earlier reports [28] , the frequency of FOXP3 + cells at the DP stage was low in the current set of samples: 0.2 + 0.1%. The amount of FOXP3 expressed on a single-cell level, however, was not significantly different from FOXP3 + CD4 + SP cells (FOXP3 MFI 27.3 vs. 30.6, P = 0.06). With IL-7 in culture, the frequency of FOXP3 + DP cells increased significantly to 0.4 6 0.2% (P , 0.008, n = 9; Fig. 2) . A similar increase from 0.2 6 0.1% to 0.3 6 0.1% (P , 0.03, n = 6) was found in the intracellular expression of CTLA-4, a crucial, functional marker of T regs and essential to the direct cell-to-cellsuppressive function [29] . Within the FOXP3 + DP population, the expression of intracellular CTLA-4 increased from 20.9 6 16.1% to 31.7 6 14.4% (P , 0.009). Only 0.2 6 0.1% of the Fig. 2C ). Likewise, IL-7 resulted in a significant increase of CTLA-4 expression level (MFI 35.5 6 7.8 vs. 53.9 6 3.1, P , 0.003; Fig. 3B ). Together, these data suggest that at the DP stage, IL-7 both selectively increases the share of FOXP3 cells and promotes the emergence of the T reg -associated phenotype.
IL-7 does not affect TCR signaling, proliferation, or methylation status of DP FOXP3 + thymocytes
We then tested how IL-7 promotes T reg maturation. As TCRmediated signals are essential for T reg development, and IL-7 is known to modulate them, we analyzed whether preincubation with IL-7 changes the response of FOXP3 + DP cells to stimulation by anti-CD3 mAb. As reported previously, stimulation with CD3 mAb alone induced an increase from 216 6 91 to 232 6 104 (P , 0.05, n = 8) in CD69 MFI, a marker of positive selection, in DP thymocytes [30] . In contrast, FOXP3 + DP thymocytes already express high levels of CD69 (CD69 MFI 585 6 254), consistent with the majority of them already being positively selected, and anti-CD3 mAb had no significant effect on their CD69 levels. When the cells were preincubated with IL-7 before stimulation via CD3, the frequency of FOXP3 + cells increased from 0.2 6 0.1% to 0.3 6 0.2% (P , 0.03) and FOXP3 MFI from 27 6 4.3 to 37 6 7.2 (P , 0.003, n = 8). However, these levels were not higher than those observed in cells incubated with IL-7 alone (0.4 6 0.2% and 35 6 8.5; Fig. 4A ). Thus, IL-7 did not seem to modulate TCR signaling in FOXP3 + DP cells.
Another possibility was that as IL-7 is a growth factor, it might selectively increase the proliferation of FOXP3 + DP thymocytes. We analyzed the frequency of DP FOXP3
+ thymocytes expressing the cell-cycle marker Ki-67, an intracellular protein detected during active phases of the cell cycle but not in resting cells and thus, strictly associated with proliferating cells. In the absence of exogenous IL-7, the frequency of Ki-67 + cells within the DP FOXP3 + subset was 6.1 6 2.5% and 4.7 6 1.8% with IL-7 (not significant, n = 8; Fig. 4B ). Therefore, IL-7 did not increase proliferation of DP FOXP3 + cells. There was also no significant effect on the proliferation of DP FOXP3 2 cells, with 0.5 6 0.4% expressing Ki-67 + without and 0.4 6 0.3% with added IL-7. In addition to FOXP3 up-regulation, epigenetic changes in the TSDR have been shown to be important in stabilizing the T reg phenotype [31] . To test whether IL-7 initiates FOXP3 TSDR demethylation, we used a real-time quantitative PCR method described by Wieczorek et al. [27] to measure the relative proportion of T reg -specific methylated region and TSDR DNA. IL-7 had no effect on the methylation status, with a mean DCt value of 7.4 6 1.0 in the absence and 7.3 6 1.0 in the presence of IL-7 (n = 9; Fig. 4C ). These data do not support the role of IL-7 in regulating FOXP3 TSDR demethylation in the thymus. However, it should be noted that as we analyzed nonsorted thymocytes, subtle changes occurring in a small subset might not be revealed. Our attempts to isolate IL-7-treated CD25 + DP thymocytes in sufficient numbers for reliable analysis were not successful.
IL-7 protects CD25 + thymocytes from apoptosis
IL-7 is also known to be a survival factor and might thus increase the frequency of FOXP3 + cells by selectively suppressing their apoptosis. To address this possibility, we used a combination of annexin V and PI staining to measure the effects of IL-7 on thymocyte apoptosis, defining apoptotic cells as including all but annexin V/PI DN cells. As FOXP3 detection requires cell permeabilization, it cannot be used in conjunction with annexin V/PI staining, and therefore, CD25 was used as a surrogate marker. Previous studies have shown that the expression of CD25 is strongly associated with FOXP3 in DP and CD4 SP thymocytes [28] . Furthermore, similar to FOXP3, the frequency of CD25 + cells increased after IL-7 stimulation in the DP population, from 0.7 6 0.3% to 0.9 6 0.4% (P , 0.03, n = 13; Fig. 5B ).
In the DP stage, the CD25 + cells were significantly more susceptible to apoptosis than the CD25 2 cells, with 57.6% 6
16.9% apoptotic cells after overnight culture, compared with only 18.3 6 4.9% in the CD25 2 subset (P , 0.00002, n = 13).
Incubation with IL-7 significantly decreased the frequency of apoptotic cells to 42.1 6 13.5% (P , 0.03) in the CD25 + subset (Fig. 6A) and to a lesser degree, in the CD25 2 subset (11.5 6
4.0%, P , 0.003). Thus, IL-7 stimulation protected CD25 + and CD25 2 thymocytes from apoptosis, with more prominent changes in the DP CD25 + subset.
IL-7 increases FOXP3 expression also in CD4 cells
We then tested whether the decreased expression of CD127 in the SP FOXP3 + cells is sufficient to abrogate the effects of IL-7.
Surprisingly, incubation with IL-7 resulted in a clear 45.0 6 17.8% decrease of CD127 MFI and a significant increase of FOXP3 + cells (5.2 6 1.2%-9.2 6 2.0%, P , 0.0002) and FOXP3 MFI (31 6 4-44 6 11; P , 0.0009; Fig. 7B and C) . Likewise, the level of intracellular CTLA-4 increased from MFI 33 6 6 to 47 6 4 (P , 0.01; Fig. 7D ). The frequency of CD25 + cells increased from 9.8 6 3.1% to 15.6 6 7.2% (P , 0.008; Fig. 7F ). Compared with DP CD25 + cells, SP CD25 + cells were much less prone to apoptosis, with only 10.2 6 8.5% apoptotic after overnight culture. The addition of IL-7 decreased the frequency of apoptotic cells to 3.2 6 1.4% (P , 0.02; Fig. 7G ). In the CD4 CD25 2 population, the effects were similar, with 11.8 6 4.4% apoptotic cells after overnight culture and 6.4 6 2.9% when IL-7 was added (P , 0.002). Thus, the effects of IL-7 were very similar in the DP and SP populations, even though the FOXP3 + SP cells express very low levels of CD127.
DISCUSSION
The factors directing thymocytes to the T reg lineage are still only partially known, but it is clear that TCR-mediated signals are essential. The predominant model suggests that thymocytes expressing a TCR with moderately increased affinity to selfantigens are preferentially recruited to the T reg lineage, whereas cytokines, particularly IL-2, provide a crucial second signal [32] .
Other cytokines are also important [11] , and our results, together with the report of Nunes-Cabaço et al. [23] , show that in the human thymus, IL-7 modulates T reg development. In the earlier study [23] , the FOXP3 + DP cells showed a clear up-regulation in STAT5 phosphorylation levels in response to IL-7, whereas our data show modulation of IL-7R levels. These complementary findings confirm that IL-7 has direct effects on FOXP3
+ DP thymocytes at a stage when IL-7R expression is relatively high. The functional responses observed in these studies also indicate that FOXP3 + DP thymocytes are not affected by negative regulators of IL-7 signaling, such as suppressor of cytokine signaling 1, suggested to be responsible for unresponsiveness to IL-7 in DP thymocytes. For several reasons, it has been thought that T reg development is relatively independent of IL-7. Regulation of IL-7 effects is Tuulasvaara et al. IL-7 promotes human T reg development at the CD4 + predominantly mediated by modulating receptor levels [14] , and mature FOXP3 + T regs express very low levels of CD127 [33] . Furthermore, lack of IL-7 during T reg commitment in mice does not prevent T reg development, although more subtle changes can be observed [18] . Moreover, a recent in vitro study of human thymocytes suggested that IL-7 has little influence on T reg maturation, but significantly longer culture times than ours were used, and the study mainly concentrated on IL-2 and IL-15 and the SP population [11] . Our results show that in humans, CD127 expression in FOXP3 + thymocytes is highest before positive selection, and exposure to IL-7 increases the frequency of FOXP3 + cells within the DP population. This effect was most likely a result of relatively higher levels of apoptosis in FOXP3 2 cells and selective survival of FOXP3 + cells in the presence of IL-7, rather than increased proliferation of FOXP3 + cells. Likewise, a recent study in mice showed that Foxp3 expression up-regulated proapoptotic proteins and induced apopotosis, but the cells could be rescued by common g-chain cytokines, in this case, IL-2 [34] .
However, IL-7 also had effects intrinsic to the FOXP3 + population. Notably, it seemed to promote the T reg phenotype, as shown by increased expression levels of FOXP3 and CTLA-4 within the FOXP3 + subset. Similar results have been published previously on peripheral T regs and IL-2. Zorn et al. [35] showed that IL-2 up-regulates FOXP3 expression in human CD4 + CD25 + T cells through a STAT5-dependent mechanism. Phosphorylation of STAT5 induced direct binding to a regulatory element in the first intron of the FOXP3 gene, initiating its expression. The results by Nunes-Cabaço et al. [23] , showing that IL-7 also induces STAT5 phosphorylation in FOXP3 + DP thymocytes, suggest that a similar scenario may hold for IL-7.
In addition to FOXP3, IL-7 up-regulated CTLA-4 expression, another effect intrinsic to the FOXP3 + population. At least in murine thymocytes, the expressions of FOXP3 and CTLA-4 are not dependent on each other [36] , so this finding is a further indication that IL-7 promotes the emergence of a T reg phenotype. CTLA-4 is crucial for T reg function in the periphery, and recent evidence indicates a significant role in the thymus as well. It has been suggested that CTLA-4 promotes the formation of a self-biased repertoire, probably by modulating the TCR signal strength [37, 38] . Thus, CTLA-4 may help the thymocytes to bypass negative selection [39, 40] . Thus, the IL-7-induced CTLA-4 expression in the DP thymocytes may also have functional relevance.
The timing of the T reg commitment in the thymus remains a matter of debate, especially in the mouse. Most Foxp3 + cells are found in the thymic medulla, and several studies have suggested that murine T regs are selected from Foxp3 2 precursors at the CD4 SP stage, from already positively selected cells [4, 41] . The debate mainly concerns the nature of the distinct DP Foxp3 + subset in the thymic cortex. One view holds that it is an independent subset with no direct link to the CD4 SP T regs , whereas others have argued that they represent precursors in the main T reg lineage [24, 42] . In this latter view, the T reg commitment can take place already in the thymic cortex. Further complicating matters is the suggestion that the development of the regulatory phenotype may precede Foxp3 up-regulation, the expression of Foxp3 then stabilizing the phenotype [43, 44] . In humans, the data are much more limited but favor commitment at the DP stage. The small DP FOXP3 + subset expresses markers of having been already positively selected, such as high levels of CD3, CD69, and CD5, but at the same time, also exhibit signs of immaturity, such as heightened susceptibility to apoptosis and at least residual expression of RAG-2 [24, 28, 45] . Furthermore, a statistical multiple linear regression analysis of the relationship between DP FOXP3 + cells and CD4 SP FOXP3 + cells further indicates that the former are the main source of the latter [23] . In the cortex, where the great majority of DP cells resides, the distribution of IL-7-producing epithelial cells is relatively sparse [44] , but it should be noted that the effects of IL-7 in the thymus are not spatially limited. This is shown, for example, by the drastic effects of IL-7 deficiency on early cortical T cell development [46] . The relatively high expression of CD127 and responsiveness to IL-7 at the DP stage suggest that IL-7 may play an important role as the cells commit to the T reg lineage, with diminishing significance after TCR-mediated selection.
However, although the expression of CD127 was sharply downregulated at the DP-SP transition, furthermore, the CD4 SP FOXP3 + cells with very low CD127 expression were responsive to IL-7. In vivo, the highest expression of IL-7 in the thymus is found in the medullary epithelial cells, so the CD4 SP FOXP3 + cells may be exposed to higher IL-7 levels than the cortical DP cells. The CD4 SP FOXP3 + cells were much less susceptible to apoptosis than the DP FOXP3 + cells, so it is likely that direct effects on FOXP3 expression predominate during the later developmental stages.
Contrary to data on murine thymocytes, we found no evidence for IL-7-driven proliferation at the DP or CD4 SP stage. IL-7 also did not induce changes in the FOXP3 TSDR methylation state, although it is possible that subtle changes within the small DP FOXP3 + subset could have gone unnoticed. Taken together, our results thus suggest that IL-7 promotes human thymic T reg development by at least 2 distinct mechanisms, first, by inhibiting apoptosis and second, by up-regulating FOXP3 expression. They also show that the responsiveness of FOXP3 + thymocytes to IL-7 spans DP and SP developmental stages.
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